Four experiments studied anterograde deficits in Pavlovian fear conditioning following prolonged exposure to the -opioid receptor agonist morphine. Injections of morphine produced temporally graded anterograde amnesia characterized by deficits in contextual and conditioned-stimulus (CS) conditioning 1 or 7 days and selective impairment in CS conditioning 21 days after last injection. This anterograde deficit in conditioning did not recover across a retention interval, was absent when rats were tested immediately after conditioning, and required the presence of an auditory CS. These results suggest that anterograde deficits in Pavlovian fear conditioning emerged from differences in susceptibility to 1-trial overshadowing of context by CS.
Rats learn to fear an auditory conditioned stimulus (CS) whose presentations signal impending aversive stimulation (e.g., a footshock unconditioned stimulus [US] ). They also learn to fear the context where these CS-US pairings occur. Although learned at the same time, these fears can be dissociated. For example, rats subjected to dorsal hippocampal lesions shortly (e.g., 1 day) after fear conditioning exhibit fear reactions (freezing) when subsequently tested with the CS but reduced freezing when reexposed to the shocked context (e.g., Anagnostaras, Maren, & Fanselow, 1999; Maren, Aharonov, & Fanselow, 1997) . However, rats lesioned some time (e.g., 28 -100 days) after conditioning exhibit intact freezing reactions when tested with the CS or reexposed to the shocked context. Similar, context-specific, temporally graded retrograde deficits have been reported following a variety of manipulations imposed on rats in the hours following fear conditioning. Such manipulations include social isolation (Rudy, 1996) , immune activation by injection of the bacterial endotoxin lipopolysaccharide , and injection of an opioid receptor agonist such as morphine (Rudy, Kuwagama, & Pugh, 1999) .
We have recently shown that prolonged exposure to the -opioid receptor (MOR) agonist morphine in the days to weeks following fear conditioning produces temporally bound retrograde amnesia for contextual fear conditioning (McNally & Westbrook, 2003) . In those experiments, rats were subject to pairings of an auditory CS with footshock in a distinctive context. Rats were then injected daily for 2 weeks with morphine. These injections commenced at varying intervals following conditioning. The results showed that exposures to morphine produced a temporally graded and context-specific retrograde deficit in fear conditioning. This retrograde deficit was accompanied by a failure of contextual discrimination such that the fear displayed by morphine-treated animals generalized completely to a second, novel context. Moreover, brief preexposures protected context fear conditioning and context discrimination against the amnestic effects of postconditioning exposures to morphine.
These retrograde impairments in contextual conditioning have been subject to several interpretations. The most influential has started by supposing that dissociations of freezing to a discrete conditioned stimulus (CS) for footshock versus to the context where that CS and footshock occurred are evidence for the existence of distinct representational mechanisms in the mammalian brain. Specifically, these dissociations have been interpreted to mean that activity in the hippocampal formation characterizes the operation of a configural system that records the conjunctions among the several cues (shape, appearance, smell, kinaesthetic, etc.) comprising the context or one that uses the delta rule to extract its strongest conjunctions (O'Reilly & Rudy, 2001; Westbrook, Good, & Kiernan, 1997) . A second set of processes then forms excitatory associations between the output of this hippocampal-dependent configural system and an aversive or fear motivational system. Conditioned responding emerges from the ability of the individually sampled cues on test to retrieve or complete the configural or conjunctive representation, thereby provoking fear reactions on reexposure. Retrograde impairments in contextual conditioning and contextual discrimination emerge from a failure to rehearse, consolidate, or otherwise render permanent in memory this configural or conjunctive contextual representation.
An important implication of this view concerning the relation between contextual learning and contextual fear conditioning is that similar deficits should be apparent when amnestic manipulations are administered in advance of such conditioning. Indeed, there is evidence that manipulations able to produce retrograde deficits in contextual fear conditioning can also produce deficits when imposed on animals prior to conditioning. For example, lesions of the dorsal hippocampus that produce temporally bound retrograde deficits in freezing to contextual but not discrete CSs paired with footshock also produced anterograde deficits in contextual freezing (e.g., Kim, Rison, & Fanselow, 1993; Phillips & LeDoux, 1992 , 1994 . Anterograde impairments in contextual fear conditioning have also been reported following adrenalectomy , administrations of glucocorticoid receptor antagonists , administrations of the adrenal steroid dehydroepiandrosterone (DHEA; , and, indeed, conditioning at 12 noon .
At least three lines of evidence have encouraged the interpretation that these anterograde deficits in contextual conditioning are caused by a failure to form a configural contextual representation. First, Fanselow and colleagues have shown that the anterograde effects of hippocampal damage on contextual conditioning can be prevented by brief exposures to the experimental context prior to hippocampal lesion (Young, Bohenek, & Fanselow, 1994) . Rudy and colleagues have reported a similar preexposure "immunization" of contextual conditioning from the deleterious effects of adrenalectomy , DHEA , and conditioning at midday . Second, Holt and Maren (1999) as well as Westbrook et al. (1997) have shown that disruption of activity in the hippocampus or its efferents spares the extinction and latent inhibition of fear that accrue to a CS following nonreinforced exposures but abolish the context specificity of these effects. Finally, O'Reilly and Rudy (2001) arranged transport cues to signal placement in a target context. On conditioning, rats were transported in the presence of these cues and placed in a second, novel context. Rats were subject to an immediate footshock in this novel context. Consistent with previous reports, the immediate footshock failed to condition fear to the context where it was delivered (Fanselow, 1990; Kiernan & Westbrook, 1993 ; but see Bevins, McPhee, Rauhut, & Ayres, 1997) . However, the immediate footshock did condition fear to the nonreinforced target context. In other words, during preexposures the rats formed a conjunctive representation of the target context and transport cues. The presence of the transport cues during conditioning enabled the animals to pattern complete from the elements (transport cues) to the conjunctive representation (the transport cues and target context). Thus, fear was conditioned to the memory of the target context that was never shocked. It is important to note that Rudy, Barrientos, and O'Reilly (2002) reported that lesions of the dorsal hippocampus impaired this conditioning to the memory representation of the preexposure context.
Nonetheless, this two-process model of contextual learning and context fear conditioning has been seriously challenged by demonstrations of intact context conditioning following hippocampal damage and by demonstrations that hippocampal damage can produce anterograde deficits in freezing to noncontextual stimuli (for review, see Gewirtz, McNish, & Davis, 2000) . One response to this challenge has been to emphasize that context fear conditioning can also proceed using a second, elemental representation system. This elemental system associates individual features comprising the contextual array with the fear motivational system (Fanselow, 2000; Maren, 2001) . Individual features of the contextual array are processed through the configural system, whereas only the elemental system is available to hippocampally damaged and adrenalectomized rats or to those injected with glucocorticoid receptor antagonists or DHEA. Through this elemental learning strategy, such rats come to fear features of the context where CS-US pairings occurred in the same way as they come to fear the CS itself. Further, the obligatory use of a common elemental system to process information about the features of the context and the CS could be expected to promote competition among these cues such that learning to fear elements of the context may overshadow learning to fear the CS and vice versa (e.g., Rescorla & Wagner, 1972; Sutherland & Mackintosh, 1971) . Thus, treatments that produce context-specific retrograde impairments may fail to produce anterograde impairments in context fear conditioning (because the elemental system is intact) or they may produce impairments in both context and CS fear conditioning (because of reciprocal competition within the elemental system).
As noted previously, we have recently shown that that prolonged exposure to the -opioid receptor (MOR) agonist morphine in the days to weeks following fear conditioning produces temporally bound retrograde deficits specific to contextual fear conditioning (McNally & Westbrook, 2003) . Therefore, such exposures could also be expected to produce context-specific anterograde impairments. However, as has also been noted, treatments, such as prolonged morphine exposures, that produce retrograde deficits specific to context conditioned fear may either fail to produce such deficits in the anterograde case or produce deficits in both contextand CS-conditioned fear. The experiments reported here study the effects of prolonged exposure to morphine on subsequent fear conditioning. In each experiment, rats were exposed to daily injections of morphine or saline, which terminated at varying intervals (1 to 21 days) prior to a single auditory CS (clicker)-US (footshock) pairing in a distinctive context. The conditioning that accrued to the context where CS-US pairings occurred and to the CS itself was then tested at varying intervals (2 min to 22 days) after conditioning. The initial experiment demonstrated that prolonged exposures to morphine produced deficits in fear conditioning to both the CS paired with footshock and the context where the pairing occurred. The remaining experiments attempted to characterize the nature of these deficits.
Experiment 1
Injection of the MOR agonist morphine for 14 days following CS-footshock pairings in a distinctive context produced retrograde deficits in contextual fear (McNally & Westbrook, 2003) . These deficits were not observed when conditioning occurred 14 or 21 days prior to the start of injections. The aims of Experiment 1 were to determine whether (a) these injections would produce anterograde amnesia for Pavlovian fear conditioning, (b) this anterograde amnesia was selective for contextual conditioning, and (c) this anterograde amnesia displayed a temporal gradient. Rats were first exposed to daily injections of saline or morphine for 14 days. They were then subjected to a single auditory CS (clicker)-footshock pairing in a distinctive context either 1, 7, or 21 days following the last injection. Finally, rats were tested for their fear reactions (freezing) to the context where conditioning occurred the day following conditioning and for freezing to the CS the day following context test.
Method
Subjects. The subjects were 48 experimentally naive, adult, male Wistar rats (280 -350 g) obtained from a commercial supplier (Gore Hill Research Laboratories, Sydney, Australia). After arrival, the rats were housed in groups of 8 in plastic boxes (67 cm length ϫ 40 cm width ϫ 22 cm height) with food and water continuously available. The boxes were kept in an air-conditioned colony room maintained on a 12:12-hr lightϪdark cycle (lights on at 7:00 a.m.). Each rat was handled 10 -30 s per day across 5 days before the start of the experiment.
Apparatus. Conditioning and CS testing were conducted in different chambers. Four identical chambers (20 cm height ϫ 21 cm length ϫ 23 cm width) were used to footshock the rats and to test for contextually controlled freezing. The front and rear walls of these chambers as well as the hinged lid were constructed of Perspex, and the end walls were made of stainless steel. The floor in each chamber consisted of stainless steel rods, 2 mm in diameter, spaced 10 mm apart (center to center). The US was a 0.5-s, 0.8-mA unscrambled AC 50-Hz shock from a constant-current generator that was delivered to the floor of each chamber. The current available to each floor could be adjusted using an in-line milliampere meter. Each chamber stood 5 cm above a tray of paper pellet bedding (Fibrecycle, Mudgeeraba, Australia) that was changed between rats. These four chambers were located within separate compartments of a wooden cabinet. The door of each compartment was kept open to permit observation of the rat. A second set of two plastic chambers (16 cm height ϫ 40 cm length ϫ 26 cm width) was used to test performance to the auditory CS. The front of each of these chambers was constructed of Perspex. The floor, side walls, and rear walls were made of plastic, and the roof was made of stainless steel rods. These chambers were located on the roof of the wooden cabinet that contained the footshock chambers. The discrete auditory CS consisted of a 74-dB clicker (10-Hz spike; rise time Ͻ 10s, decay time ϭ 250 s) delivered from a speaker located in the ceiling of the experimental room. The background noise in the room was 69 dB. The stimulus and background intensities were measured with a sound level meter (A scale; Type 2235, Brüel-Kjaer Instruments, Marlborough, MA) whose microphone was placed in the center of each chamber.
Procedure. The experiment involved three phases: injections of morphine or saline, fear conditioning, and testing. All rats commenced the experiment on the same day and thus differed in their ages at testing. All injections were subcutaneous in the dorsal neck region and were given in a volume of 1 ml/kg, once daily. For morphine injections (n ϭ 24) an ascending regime was used that results in analgesic tolerance development (Westbrook, Greeley, Nabke, & Swinbourne, 1991) . Rats were injected with 2.5 mg/kg morphine for 3 days, 5.0 mg/kg morphine for 3 days, 10.0 mg/kg morphine for 3 days, and finally 20.0 mg/kg morphine for 5 days. For saline injections (n ϭ 24), rats were injected with 0.9% w/v sterile saline.
Fear conditioning occurred 1, 7, or 21 days since last injection. Rats were transported in squads of 4 and placed in the conditioning chambers. One minute and 50 s later the 10-s CS was presented, which coterminated with delivery of footshock. Rats remained in the chambers for a further 30 s before being returned to their home cage.
All rats were tested for context freezing the day following conditioning and for CS freezing the day following context test. For context testing, rats were placed in the conditioning chamber, and their behavior was observed for 8 min. For CS testing, rats were placed in the second set of chambers for 2 min, and their behavior was observed. The CS was then presented for 3 min and behavior was observed. The duration of context and CS tests differed because pilot studies indicated that the levels of contextual-and CS-controlled freezing would be similar across these durations.
Data analysis. In this and subsequent experiments, performance to the context and CS on test was videotaped, and the levels of freezing were measured with a time-sampling procedure in which the rat's behavior was scored as freezing or not freezing every 2 s. Freezing was defined as the absence of all movement except those related to breathing (Fanselow, 1980) . The percentage of all samples scored as freezing was determined for each rat. Two observers, one of whom was unaware of the rat's treatment condition, scored the videotape of each rat. The unaware observer scored the rat's behavior at variable time-sampling intervals across the experiments (i.e., once every 2 s, or 4 s, or 5 s). Thus, the scores from the aware observer were used for analysis. The agreement between these observer ratings, that is, the correlation between percentages of observations scored as freezing per rat, were high and consistently exceeded 0.9. The data were analyzed by means of a planned orthogonal contrast testing procedure in which context and CS tests were treated as repeated measures. The Type I error rate was controlled at 0.05 for each contrast tested using the method described by Hays (1972) . Four animals with a history of morphine injections died across the course of the experiment. Therefore, there were 8 animals in each of the saline groups, 7 rats in the morphine-treated groups conditioned 1 and 7 days after the last injection, and 6 rats in the morphinetreated group conditioned 21 days after last injection.
Results and Discussion
The left panel of Figure 1 shows the mean and the standard error of the mean (SEM) levels of freezing during the context test conducted the day after conditioning. Inspection of the panel indicates a linear increase in freezing across the interval since last injection such that rats conditioned 1 day after last injection of morphine displayed less freezing to the context as compared with saline controls, whereas rats conditioned 21 days after the last injection of morphine did not differ from saline controls.
The right panel of Figure 1 shows the mean and SEM levels of freezing during the CS test conducted the day after context test. There were minimal levels of pre-CS freezing (morphine group: 1-day mean ϭ 1%, SEM ϭ 1; saline group: 1-day mean ϭ 3%, SEM ϭ 2; morphine group: 7-day mean ϭ 4%, SEM ϭ 3; saline group: 7-day mean ϭ 17%, SEM ϭ 10; morphine group: 21-day mean ϭ 3%, SEM ϭ 2; saline group: 21-day mean ϭ 9%, SEM ϭ 5). Inspection of the panel indicates that rats conditioned after a and CS test (right panel) in Experiment 1. One day, 7 days, or 21 days following 14 days of injection of morphine or saline, rats were subject to a single CS-footshock pairing in a distinctive context. Rats were tested for freezing to the context the day after conditioning and for freezing to the CS the day after context test. CS ϭ conditioned stimulus.
history of morphine injections displayed less freezing to the CS than rats conditioned after an equivalent history of saline injections. The panel also indicates a linear increase in freezing across the interval since last injection such that rats conditioned 1 day after last injection of morphine or saline displayed less freezing to the CS as compared with rats conditioned 21 days after the last injection of morphine or saline. However, there appeared to be no interaction between these two results.
The statistical analysis confirmed these observations. There was an overall main effect for morphine versus saline, F(1, 38) ϭ 36.2, p Ͻ .01, such that there was significantly less freezing among rats with a history of morphine injections as compared with the saline controls. There was also an overall main effect for the interval between last injection and test, F(1, 38) ϭ 17.6, p Ͻ .01, such that there was linear increase in freezing across this interval between last injection and test. There was, however, no overall interaction,
There was a significant main effect for test type, F(1, 38) ϭ 21.2, p Ͻ .01, such that there were significantly greater levels of freezing on context test than CS test. It is important to note that the deficit in conditioning produced by the history of morphine injections was nonselective because this deficit failed to interact with test type, F(1, 38) ϭ 3.2, p Ͼ .05. The linear increase in freezing as a function of the interval between last injection and test also did not interact with test type, F(1, 38) Ͻ 1, p Ͼ .05. However, the three-way interaction was significant, F(1, 38) ϭ 14.7, p Ͻ .01. This interaction indicates that, although freezing did increase as a linear function of time since last injection, the difference in this increase between rats with a history of morphine and saline was greater for the context test than the CS test. In other words, the effects of time were more pronounced in the morphine than saline rats especially in the context test.
This experiment has shown that a history of morphine injections produces anterograde impairments in Pavlovian fear conditioning. Specifically, conditioning to the context where CS-US pairings occurred was impaired 1 day but not 21 days after last exposure to morphine, whereas conditioning to the CS was equally impaired 1 day and 21 days after last exposure to morphine. The overall linear increase in freezing levels on the CS and context test is worthy of comment. Rats in this experiment were handled daily up to the conditioning episode but were not handled across the retention interval. Thus, it is possible that the increase in freezing across the interval between injection and conditioning emerged because of a loss of the latent inhibition that may have accrued to the handling cues (e.g., Killcross, Kiernan, Dwyer, & Westbrook, 1998) . Irrespective of why freezing increased across this interval, the recovery from morphine-induced deficits in contextual conditioning was observed over and above this increase.
Experiment 2
The results of Experiment 1 showed that repeated injections of morphine produced anterograde deficits in auditory CS fear conditioning when the interval between injections and conditioning was short (1 day) or long (21 days). Such exposures also produced deficits in context fear conditioning when this interval was short but not when it was long. These results suggest that a history of morphine provokes a transient impairment in context fear conditioning and a more permanent impairment in CS conditioning.
According to this suggestion, the critical interval for these effects was that between the termination of morphine exposures and fear conditioning, which was either 1 or 21 days. However, the design used in that experiment confounded this interval with that between termination of morphine exposures and test. That is, rats were not just subjected to a short interval (1 day) between morphine exposures and conditioning; they were also subjected to a short interval (2-3 days) between those exposures and test. Likewise, rats were not just subjected to a long interval (21 days) between morphine exposures and conditioning; they were also subjected to a long interval (22-23 days) between those exposures and test.
This concern can be made explicit. One interpretation of the results obtained in Experiment 1 begins by supposing that the levels of context conditioning are greater than those of CS conditioning. It then supposes that the termination of morphine exposures provokes withdrawal whose severity decreases across time. Further, a critical component of withdrawal is hyperactivity. According to this interpretation, therefore, the deficits present when rats were conditioned and tested shortly after termination of morphine is a consequence of interference between hyperactivity and the target response (freezing). The differential recovery of contextand CS-controlled freezing when rats were tested some time after termination of morphine is due to alleviation of withdrawal and its associated hyperactivity. However, although alleviated, the remaining withdrawal is able to interfere with freezing to the less strongly conditioned CS.
The aim of Experiment 2 was to study this interpretation. The design was a 2 ϫ 2 factorial where the first factor was type of drug history (morphine vs. saline) and the second factor was the length of the retention interval interpolated between conditioning and test (1 day vs. 21 days). If the deficits observed in the previous experiment were due to variations across time in the levels of withdrawal and its associated hyperactivity, a similar pattern of results will be observed here. That is, rats tested shortly after termination of morphine exposures will exhibit less freezing (they are more hyperactive) than those tested some time after termination of those exposures. Further, these differences between rats tested shortly or some time after termination of morphine should be greater in the case of context-than CS-controlled freezing.
Method
Subjects and apparatus. The subjects were 32 experimentally naive rats (280 -350 g) of the same sex and strain and obtained from the same source as in Experiment 1. They were kept under the conditions reported previously. Each rat was handled 10 -30 s per day across 5 days before the start of the experiment and on each day of the experiment. The apparatus was that used in Experiment 1.
Procedure. The experiment involved three phases: morphine or saline injections, fear conditioning, and testing. Rats received daily injections of morphine (n ϭ 16) or saline (n ϭ 16) as described for Experiment 1. Fear conditioning occurred the day after the last injection and was identical to that used in Experiment 1. Rats were tested for context freezing either 1 day or 21 days following conditioning. The test for CS-elicited freezing took place the day after context test (i.e., 2 days or 22 days following conditioning).
Results and Discussion
The left panel of Figure 2 shows the mean and the SEM levels of freezing during the context test conducted either 1 day or 21 days after conditioning. Inspection of the panel indicates that rats with a history of morphine injections displayed less freezing to the context where CS-US pairings occurred than rats with a history of saline injections. Critically, this deficit did not recover across the retention interval.
The right panel of Figure 2 shows the mean and SEM levels of freezing during the CS test conducted the day after context test. The levels of pre-CS freezing were higher in this than the previous experiment (morphine group: 1-day mean ϭ 20%, SEM ϭ 5; saline group: 1-day mean ϭ 42%, SEM ϭ 7; morphine group: 21-day mean ϭ 13%, SEM ϭ 5; saline group: 21-day mean ϭ 34%, SEM ϭ 10). Inspection of the panel indicates that rats with a history of morphine injections displayed less freezing to the CS than rats with a history of saline injections. Again, this deficit did not recover across the retention interval.
These observations were confirmed by the statistical analysis. There was an overall main effect for drug history, F(1, 28) ϭ 25.8, p Ͻ .01, such that rats with a history of morphine injections displayed less freezing than rats with a history of saline injection. There was no overall main effect for retention interval, F(1, 28) Ͻ 1, p Ͼ .05. There was also no overall interaction between drug history and retention interval, This experiment has confirmed that a history of morphine injections produces an anterograde deficit in Pavlovian fear conditioning when rats are conditioned 1 day after last exposure to morphine. This deficit was nonselective for the contents of the learning established during conditioning: Rats with a history of morphine injections were impaired in both contextual and CS conditioning. It is important to note that the experiment has shown that this deficit is not alleviated by interpolation of a retention interval between conditioning and test. This failure to observe recovery of context or CS-controlled freezing across the retention interval suggests that the critical variable for the deficits in fear conditioning is the interval between the termination of morphine exposures and conditioning rather than the interval between termination of those exposures and test. In Experiment 1, morphinetreated rats displayed similar and high levels of context freezing to saline controls when conditioned 21 days after last injection and tested the following days, whereas the rats in the present experiment, tested at the same interval since last injection, displayed significantly less freezing than saline controls.
Experiment 3
Two lines of evidence indicate that performance on tests for conditioned fear in the seconds to minutes following conditioning can be dissociated from the performance observed in the hours to days following conditioning. The first is that the fear observed 1 day after conditioning can be impaired, whereas the fear observed immediately after conditioning remains intact. Manipulations that produce these impairments in long-term but not short-term fear conditioning include dorsal hippocampal stimulation (e.g., Kesner & Connor, 1972) , hippocampal lesion (e.g., Kim et al., 1993) , antagonism of N-methyl-D-aspartate receptors (e.g., Kim, Fanselow, DeCola, & Landeira-Fernandez, 1992) , time of day that conditioning occurs , adrenalectomy , and targeted deletion of the gene encoding the cyclic-AMP response element binding protein (CREB; Bourtchuladze et al., 1994) . The second line of evidence is that fear varies as a nonmonotonic function of the retention interval between conditioning and test. This function is characterized by high levels of performance immediately after conditioning, which decreases in the hours following conditioning only to recover 24 hr after conditioning (Kamin, 1957) . The nadir of this function is variable such that increases in conditioning shift the function to the left (Brush, 1971) .
It follows from these dissociations of short-term from long-term fear that the anterograde deficits observed in Experiments 1 and 2 could have emerged from a failure to encode the relevant associations in a short-term store or from a failure to consolidate these associations in a long-term store. The aim of Experiment 3 was to distinguish between these possibilities. The design was a 2 ϫ 3 ϫ 2 factorial. The first factor was drug history (morphine vs. saline). The second factor was when rats were tested (2 min vs. 6 hr vs. 24 hr). The third factor was the type of test (context vs. CS). In contrast to the previous experiments reported here, test type was a between-subjects factor in this experiment. This was necessary because of the need to test animals 2 min after conditioning for performance to the CS and context. If the history of morphine injections acted simply to impair encoding of the relevant associations in some short-term store, morphine-treated rats should display less fear than saline-treated rats at all time points. However, if the history of morphine injections acted selectively to impair encoding of the relevant associations in a long-term store, morphine-treated rats should display equivalent levels of freezing to saline-treated rats when tested 2 min and 6 hr after conditioning but should display less fear when tested 24 hr after conditioning. and CS test (right panel) in Experiment 2. One day following 14 days of injection of morphine or saline, rats were subject to a single CS-footshock pairing in a distinctive context. They were tested for freezing to the context either 1 or 21 days after conditioning and for freezing to the CS the day after context test. CS ϭ conditioned stimulus.
Method
Subjects and apparatus. The subjects were 96 experimentally naive rats (280 -350 g) of the same sex and strain and obtained from the same source as in Experiment 2. They were kept under the conditions reported previously. Each rat was handled 10 -30 s per day across 5 days before the start of the experiment and on each day of the experiment. The apparatus was that used in Experiment 1.
Procedure. The experiment involved three phases: morphine or saline injections, fear conditioning, and testing. Rats received daily injections of morphine (n ϭ 48) or saline (n ϭ 48) as described for Experiment 1. Fear conditioning occurred the day after last injection and was identical to that used in Experiment 1. Half of the rats in each drug condition were tested for context freezing. This test took place either 2 min (n ϭ 8 per drug condition), 6 hr (n ϭ 8 per drug condition), or 24 hr (n ϭ 8 per drug condition) following conditioning. The remaining rats in each drug condition were tested for CS freezing. This test took place 2 min (n ϭ 8 per drug condition), 6 hr (n ϭ 8 per drug condition), or 24 hr (n ϭ 8 per drug condition) following conditioning. It is worth noting that conditioning occurred at 8 .a.m. Thus, in addition to differing in terms of retention interval, the rats in this experiment also differed in terms of the time of day that they were tested (8 a.m. vs. 2 p.m.). The available data indicate that conditioning rats in the early afternoon (12 p.m.) can have an influence on the acquisition of contextual fear conditioning but does not affect the expression of that fear conditioning . It is unlikely that any freezing among rats tested 2 min after conditioning represents an unconditioned response to footshock. Fanselow has provided two lines of evidence that the freezing observed shortly (minutes) after footshock is a conditioned response. First, when rats are tested shortly after footshock, levels of freezing are significantly higher among rats tested in the same context where the footshock was delivered as opposed to a second, novel context (Fanselow, 1980) . Second, freezing is not observed when footshock is delivered shortly after placement in the conditioning chamber (Fanselow, 1986) .
Data analysis. The data were analyzed by means of a planned orthogonal contrast testing procedure in which the influence of drug history (morphine vs. saline) and test type (context vs. CS) were analyzed at each conditioning to test interval (2 min, 6 hr, and 24 hr).
Results and Discussion
The mean and the SEM levels of freezing on context test are shown in the left panel of Figure 3 . Inspection of the panel indicates that freezing to the context was a nonmonotonic function of the retention interval: Testing rats either 2 min or 24 hr after conditioning resulted in high levels of freezing, whereas testing rats 6 hr after conditioning resulted in lower levels of freezing. The largest difference in levels of freezing between rats with a history of saline and morphine injections appeared to be at 24 hr.
The mean and SEM levels of freezing on CS test are shown in the right panel of Figure 3 . The levels of pre-CS freezing were variable and similar to those observed in Experiments 1 and 2 (morphine group: 2-min mean ϭ 22%, SEM ϭ 7; morphine group: 6-hr mean ϭ 6%, SEM ϭ 2; morphine group: 24-hr mean ϭ 22%, SEM ϭ 8; saline group: 2-min mean ϭ 30%, SEM ϭ 6; saline group: 6-hr mean ϭ 8%, SEM ϭ 4; saline group: 24-hr mean ϭ 24%, SEM ϭ 11). Inspection of the panel indicates that the function relating freezing to the retention interval differed from the nonmonotonic function observed on context test and that the influence of the history of morphine injections was reduced.
These observations were confirmed, at least in part, by the statistical analysis. There was no overall main effect for test type, F(1, 84) ϭ 1.0, p Ͼ .05, such that levels of freezing to the context did not differ significantly from freezing to the CS. There was no effect for drug history on the tests conducted 2 min, F(1, 84) ϭ 2.5, p Ͼ .05, or 6 hr, F(1, 84) ϭ 1.5, p Ͼ .05, after fear conditioning. However, there was a significant effect of drug history 24 hr after conditioning, F(1, 84) ϭ 6.7, p ϭ .01. This indicates that, averaged across test type, rats with a history of morphine injections displayed less freezing than rats with a history of saline injections. However, there were no two-way interactions between the influence of drug history (morphine vs. saline) and test type (context vs. CS) at any time interval, all Fs(1, 84) Ͻ 2.8, p Ͼ .05. These results indicate that the anterograde deficits in conditioning produced by the history of morphine injections were only apparent when rats were tested 24 hr after conditioning but were not significantly different between context and CS tests.
The absence of a significant two-way interaction between morphine versus saline history and context versus CS test at the 24-hr test is surprising. Inspection of Figure 3 suggests little difference between morphine-treated and saline-treated rats on CS test. That is, inspection of Figure 3 suggests that the anterograde deficit produced by morphine was restricted to rats tested for contextual fear 24 hr after conditioning and was not apparent among rats tested for CS-elicited fear 24 hr after conditioning. The statistical analysis failed to confirm this observation. However t tests, based on simple comparison between morphine-and saline-treated rats tested 24 hr after conditioning, revealed a significant difference (i.e., anterograde deficits) for context test ( p ϭ .01) but not CS test ( p Ͼ .05). The failure of the 2 ϫ 2 interaction term to approach statistical significance at the 24-hr test tempers speculation regarding potential differences between the two tests. Nonetheless it is worth noting that one important difference between this experiment and the previous experiments reported here was that rats were tested for fear reactions to the CS in the absence of any prior extinction of the fear that had accrued to the conditioning context (see General Discussion).
This experiment has confirmed that a history of morphine injections produces an anterograde impairment in Pavlovian fear and CS test (right panel) in Experiment 3. One day following 14 days of injection of morphine or saline, rats were subject to a single CS-footshock pairing in a distinctive context. They were tested for freezing to the context or to the CS either 2 min, 6 hr, or 24 hr after conditioning. CS ϭ conditioned stimulus.
conditioning when rats are conditioned 1 day after last injection and tested 1 day after conditioning. However, this anterograde impairment was absent when rats were tested either 2 min or 6 hr after conditioning. This absence could not simply be due to ceiling or floor effects obscuring differences because freezing varied as a nonmonotonic function of retention interval, that is, freezing displayed the Kamin (1957) effect. In sum, the results from this experiment are consistent with effects of hippocampal lesions, administrations of N-methyl-D-aspartate receptor antagonists, and targeted disruption of the CREB gene among other manipulations and suggest that the history of morphine injections preserved short-term but impaired long-term fear conditioning.
Experiment 4
Experiments 1-3 show that a history of morphine injections produces deficits in Pavlovian fear conditioning. These deficits were not reliably selective with respect to the modality of the conditioned stimulus such that impairments in conditioning to both the contextual cues and the auditory CS were observed. These deficits required more than a 6-hr interval between conditioning and test for their appearance. These deficits also do not appear because of an inability of the morphine-treated rats to display the target response (freezing). One interpretation of these results could emphasize that the exposures to morphine interfered with the consolidation of fear memories in some long-term memory store. There is, however, another plausible interpretation of these results. The designs used in Experiments 1-3 necessarily entailed the compound conditioning of contextual and auditory cues. Under such circumstances, the amount of conditioning that accrues to each element of the stimulus compound can be less than would have accrued to each element conditioned in isolation. For example, James and Wagner (1980) , using a conditioned suppression preparation, reported that rats displayed less conditioning to a light or tone CS when given a single compound conditioning trial as compared with when either element was conditioned in isolation. Mackintosh and colleagues (e.g., Kaye, Gambini, & Mackintosh, 1988; Mackintosh & Reese, 1979) have reported similar evidence for one-trial overshadowing. The interpretation favored by these authors emphasized that one-trial overshadowing, when detected, emerges from competition for a finite amount of attentional or working-memory resources. According to this line of reasoning, the pattern of responding observed in the present experiments emerged not because the history of morphine injections impaired the consolidation of fear memories but instead because these injections increased susceptibility to one-trial overshadowing.
These two interpretations offer different predictions regarding the influence of omitting the auditory CS and/or varying CS intensity. Interpretations that emphasize a role for impairments in memory consolidation appear to predict that deficits in freezing should be observed regardless of the presence versus absence of the CS as well as variations in CS intensity. By contrast, an interpretation that emphasizes a role for one-trial overshadowing in producing the deficits observed in Experiments 1-3 predicts that the anterograde deficits produced by morphine should be alleviated by omitting the CS and could also be influenced by variations in CS intensity. Experiment 4 used a 2 ϫ 3 factorial design to test these possibilities. The first factor was drug history (saline vs. morphine). The second factor was intensity of the auditory CS (0 dB vs. 70 dB vs. 82 dB). In this experiment, rats were pretreated with morphine or saline. Conditioning occurred the day following last injection. All rats were tested for fear reactions to the conditioning context the day after conditioning and for fear reactions to the auditory CS the day after context test.
Method
Subjects and apparatus. The subjects were 48 experimentally naive rats (280 -350 g) of the same sex and strain and obtained from the same source as in Experiment 1. Each rat was handled 10 -30 s per day across 5 days before the start of the experiment and on each day of the experiment. They were kept under the conditions reported previously. The apparatus was that used in Experiment 1.
Procedure. The experiment involved three phases: morphine or saline injections, fear conditioning, and testing. Rats received daily injections of morphine (n ϭ 24) or saline (n ϭ 24) as described for Experiment 1. Fear conditioning was similar to that used in Experiment 1 with the following variations. Conditioning took place 1 day after last injection. Rats in the 0-dB groups were conditioned in the absence of the auditory CS. Rats in the 70-dB group were conditioned with a 70-dB auditory CS. Rats in the 82-dB group were conditioned with an 82-dB auditory CS. Rats were tested for context freezing 1 day following conditioning. The test for CS-elicited freezing took place the day after context test. Rats in the 70-dB and 82-dB groups were tested with the same intensity clicker as was used during conditioning. Half of the rats in the 0-dB group were tested with the 70-dB clicker, whereas the remainder were tested with the 82-dB clicker. There were no differences in freezing between rats in the 0-dB group tested with the 70-dB clicker versus the 82-dB clicker, thus the data for this group was collapsed across this manipulation. Two rats with a history of morphine injections died during dependence induction. One rat with a history of morphine injections developed an infection and was not included in the experiment, and 1 rat in the 82-dB saline group was excluded because of a failure of the footshock generator. Therefore, there were 8 rats in the 0-dB saline group and the 70-dB saline group, and there were 7 rats in each of the remaining groups.
Results and Discussion
The mean and SEM levels of freezing on context test are shown in the left panel of Figure 4 . The mean and SEM levels of freezing and CS test (right panel) in Experiment 4. One day following 14 days of injection of morphine or saline, rats were subject to a single CS-footshock pairing in a distinctive context. The CS intensity was 0 dB, 70 db, or 82 db. Rats were tested for freezing to the context the day after conditioning and for freezing to the CS the day after context test. CS ϭ conditioned stimulus.
on CS test are shown in the right panel of Figure 4 . The levels of pre-CS freezing were variable and similar to those observed in Experiments 1 and 2 (0-dB morphine group: mean ϭ 11%, SEM ϭ 5; 70-dB morphine group: mean ϭ 7%, SEM ϭ 2; 82-dB morphine group: mean ϭ 6%, SEM ϭ 2; 0-dB saline group: mean ϭ 8%, SEM ϭ 4; 70-dB saline group: mean ϭ 3%, SEM ϭ 1; 82-dB saline group: mean ϭ 8%, SEM ϭ 4).
Inspection of the panels suggests two patterns of responding. Among saline-treated rats, there was little evidence for one-trial overshadowing: Freezing to the context was relatively stable across variations in CS intensity, whereas freezing to the CS increased as a function of its intensity. Among morphine-treated rats, there was no evidence for deficits in contextual freezing among rats conditioned in the absence of the CS, but there were such deficits in contextual freezing among rats conditioned with either the 70-or 82-dB CS. Moreover, there appeared to be enhanced freezing to the 70-dB CS among morphine-treated rats but reduced conditioning to the 82-dB CS.
The analysis confirmed these observations. There was no overall main effect for injection type (morphine vs. saline), F(1, 38) Ͻ 1, p Ͼ .05. There was no overall difference in freezing between rats conditioned with the 0-dB clicker and rats conditioned with the 70-db clicker, F(1, 38) Ͻ 1, p Ͼ .05. There was an overall difference in freezing among rats conditioned with the 70-dB clicker and rats conditioned with the 82-dB clicker, F(1, 38) ϭ 7.7, p Ͻ .03. There were no overall interactions between injection type and CS intensity, F(1, 38) ϭ 3.1 and Ͻ 1, p Ͼ .05. There was an overall difference in levels of freezing between the context and CS tests, F(1, 38) ϭ 13.3, p Ͻ .01.
The difference in freezing between context and CS tests did not interact with type of injection, F(1, 38) Ͻ 1, p Ͼ .05. However, this difference did interact with the increase in CS intensity from 0 dB to 70 dB, indicating the presence of overshadowing such that the increase in freezing observed between the 0-dB and 70-dB clicker was associated with a reduction in freezing to the context, F(1, 38) ϭ 36.2, p Ͻ .01. A similar interaction was observed between the increase in CS intensity from 70 dB to 82 dB and context versus CS test, again indicating that the increase in freezing observed between the 70-dB and 82-dB clicker was associated with a reduction in freezing to the context, F(1, 38) ϭ 11.2, p Ͻ .01. Critically, each of these interactions of CS intensity and context versus CS test interacted with drug history. Thus, there was a three-way interaction between injection type, the 0-dB versus 70-dB CS, and context versus CS test, F(1, 38) ϭ 9.5, p Ͻ .01. From inspection, morphine-treated rats did not differ from saline-treated rats in contextual freezing at the 0-dB clicker, and the presence of the 70-dB clicker was associated with less contextual freezing but more CS freezing among morphine-treated rats. There was also a three-way interaction between injection type, the increase in CS intensity from 70 dB to 82 dB, and context versus CS test, F(1, 38) ϭ 10.7, p Ͻ .01. From inspection, the increase in CS intensity from 70 db to 82 dB was associated with a greater increase in CS freezing among saline-treated rats than morphinetreated rats.
Post hoc contrasts were tested, using the method described by Rodger (1967) , to study these three-way interactions and confirm these conclusions. Regarding performance on context test, salinetreated rats conditioned with the 0-dB CS did not differ from saline-treated rats conditioned with the 70-dB and 82-dB CS, F(1, 38) ϭ 2.2, p Ͼ .05, whereas morphine-treated rats conditioned with the 0-dB CS did differ significantly from morphine-treated rats conditioned with the 70-dB and 82-dB CS, F(1, 38) ϭ 13.3, p Ͻ .01. In other words, the auditory CS failed to overshadow contextual conditioning among saline-treated rats but did overshadow contextual conditioning among morphine-treated rats. Regarding performance on CS test: Morphine-treated rats showed more freezing to the 70-dB CS than saline-treated rats, F(1, 38) ϭ 5.9, p Ͻ .05, but less freezing to the 82-dB CS than saline-treated rats, F(1, 38) ϭ 5.6, p Ͻ .05.
The first important result from this experiment is that the anterograde amnestic effects of a history of morphine injections depend on the presence of an auditory CS. Rats with a history of morphine injections conditioned in the absence of the auditory CS did not differ in levels of context freezing from rats with a history of saline injections. The consequence of introducing the auditory CS was to selectively impair contextual conditioning among morphine-treated rats. In other words, there was no evidence for one-trial overshadowing of context by CS among saline-treated rats (Rescorla & Wagner, 1972) , but there was evidence for such one-trial overshadowing among morphine-treated rats such that conditioning to the context suffered as a consequence of the presence of the CS (James & Wagner, 1980; Pearce, 1994; Sutherland & Mackintosh, 1971) . This interaction of deficits in context conditioning with the presence versus absence of the CS is inconsistent with the interpretation that was encouraged by the results of Experiments 1-3. Namely, this interaction is inconsistent with an interpretation that asserts that a history of morphine injections produced anterograde impairments in fear conditioning by disrupting the consolidation of fear memories.
The second important result from this experiment is that the previously identified deficit in conditioning to the CS produced by a history of morphine injections depended on CS intensity: Rats with a history of morphine injections and conditioned with a low-intensity CS showed enhanced CS-elicited freezing relative to saline controls; in contrast, when these rats were conditioned with a high-intensity CS they showed less freezing than saline controls. In other words, the morphine-treated rats conditioned with the 82-dB CS were similar to their counterparts in the previous experiments conditioned with the 74-dB CS. However, the morphine-treated rats conditioned with the low-intensity, 70-dB CS were different from their counterparts in the previous experiments conditioned with a 74-dB CS, in that rats conditioned with the lower intensity CS showed reduced conditioning to the context but enhanced conditioning to the CS.
General Discussion
Damage to the dorsal hippocampus , adrenalectomy , administration of glucocorticoid receptor antagonists or DHEA , and conditioning at 12 noon , among other manipulations, produce anterograde deficits in contextual fear conditioning. The explanation typically offered for these deficits is that they reflect failures in consolidating contextual fear representations in memory. These representations are derived from detecting the conjunctions among the several cues (shape, appearance, smell, kinaesthetic, etc.) comprising the context (O'Reilly & Rudy, 2001) or from exploiting the delta rule to extract the strongest of these conjunctions (McLaren, Kaye, & Mackintosh, 1989; Westbrook et al., 1997) . The experiments reported here studied whether a regime of morphine injections known to produce a temporally bound and modality-specific retrograde amnesia for Pavlovian contextual fear conditioning (McNally & Westbrook, 2003) would also produce anterograde amnesia for that conditioning. The results of Experiment 1 showed that the history of morphine injections produced anterograde amnesia for fear conditioning, which was initially nonselective for the context versus CS but was eventually selective in disrupting conditioning to the CS when conditioning took place 21 days after last injection. The results of Experiment 2 showed that these deficits could not be attributed simply to performance deficits because freezing did not recover across a retention interval interpolated between conditioning and test. The results of Experiment 3 showed that these deficits required a greater than 6-hr interval between conditioning and test for their manifestation.
Taken together the results of Experiments 1-3 are consistent with the notion that anterograde amnesia for fear conditioning emerged because of deficits in consolidation of fear memories. However, the results of Experiment 4 appear inconsistent with this interpretation. Experiment 4 showed that the deficit in fear conditioning depended on the presence of an auditory CS. Rats with a history of morphine injections conditioned in the absence of an auditory CS did not differ in levels of contextual freezing from control rats with a history of saline injections. Deficits in contextual conditioning were only observed following the introduction of the CS.
One interpretation of this interaction between the presence of the auditory CS and deficits in contextual conditioning invokes the existence of discrete representational mechanisms. The models reviewed in the introduction emphasize that in otherwise intact rats, individual contextual elements are processed in a conjunctive or configural representational system that gives rise to an integrated contextual representation that is then associated with footshock. The auditory CS, on the other hand, is processed within an elemental representational system and then associated with footshock. Interference with the configural representational system results in processing of the individual features of the contextual array within the elemental representational system. These models suggest that saline-treated animals represented the contextual cues using the configural system operating independently of the elemental system deployed to represent the CS. The chronic exposures to morphine impaired this configural system. Morphinetreated rats conditioned with the unsignaled US still developed substantial levels of context fear because they used the elemental system to associate discrete contextual features with the US. Morphine-treated rats conditioned with the signaled footshock acquired less fear because the conjoint processing of contextual features and the discrete CS in the elemental system may have increased the interference between them.
A second interpretation rejects the existence of such distinct representational systems. According to the Rescorla-Wagner (1972) model of Pavlovian conditioning, overshadowing is a multitrial phenomenon, emerging across trials from competition between CSs for a finite amount of associative strength. This competition does not occur on the first conditioning trial and so associative strength is distributed to each element of the compound CS (e.g., context and auditory CS) in direct proportion to the salience of each and independently of that distributed to the other. The performance of saline-treated rats in the experiments reported here falls neatly from this model. Although the Rescorla-Wagner model fails to explain the performance of the morphine-treated rats in Experiment 4, any model that accounts for one-trial overshadowing of the context by the CS can explain this performance. For example, one view emphasizes that one-trial overshadowing is a consequence of competition for limited attentional (e.g., Sutherland & Mackintosh, 1971) or working-memory (Wagner, 1981) resources. Moreover, the Rescorla-Wagner model can be modified to account for such one-trial effects by supposing that the alpha value of the context is regulated by the alpha value of the CS. That is, ⌬V context ϭ (␣ context /␣ context ϩ ␣ CS ) ϫ ( Ϫ VX) (see Pearce, 1994) . According to this line of reasoning, anterograde deficits in contextual fear conditioning are to be understood by specifying why saline-treated rats should behave in a manner consistent with the Rescorla-Wagner learning rule, whereas morphine-treated animals behave in a manner consistent with the modifications to this rule offered by Pearce (1994) . Although explaining the deficits in context learning, these accounts might not offer adequate explanations of the deficits in CS learning observed here. It could be suggested that the deficits in CS and context conditioning reported here simply represented reciprocal one-trial overshadowing of each by the other. However, two findings suggest that the deficits in performance to the CS may have emerged for reasons different to the deficits in contextual freezing. First, Experiment 1 showed that deficits in context conditioning displayed a temporal gradient, whereas the deficit in CS conditioning did not. Second, Experiment 4 revealed that the amount of overshadowing of context by CS among morphine-treated rats was similar for the 70-dB and 82-dB CS. The amount of freezing elicited by the 70-dB and 82-dB CS was also very similar among morphine-but not saline-treated rats. In other words, although clearly sensitive to the presence versus absence of the CS, there was no evidence here that morphine-treated rats were sensitive to variations in CS intensity. These results could be interpreted to mean that the history of morphine injections produced a longlasting impairment in sensory processing of the CS.
Alternatively, it might be suggested that the deficits in freezing to the CS emerged from the practice of testing rats for fear reactions to the context and then to the CS. We used this serial test procedure in order to aid comparison with the existing literature on anterograde amnesia for Pavlovian fear conditioning and with the results obtained when prolonged exposures to morphine followed fear conditioning (McNally & Westbrook, 2003) . In this latter case, prior context testing among rats subjected to postconditioning exposures to morphine did not alter freezing to the CS compared with rats subjected to postconditioning exposures to saline. The results of Experiment 4 reported here also demonstrate that deficits in CS freezing are not inevitable consequences of the practice of testing rats first for context freezing. In that experiment, rats with a history of morphine injections tested for fear to the low intensity CS showed significantly enhanced CS-elicited freezing as compared with saline controls. Nevertheless, it remains possible that the initial context test made some contribution to the reduced CS freezing observed among morphine-treated rats. The results of Experiment 3 are especially interesting in this regard because rats in that experiment were tested for fear reactions to only the context or the CS, and there was little impairment in CS freezing. Further examination of this issue is worthwhile.
Finally, the relationship between the anterograde deficits in fear conditioning reported here and the retrograde deficits in that conditioning reported previously (McNally & Westbrook, 2003 ) is worthy of comment. We have noted that contemporary accounts invoke the same explanation for retrograde deficits in Pavlovian fear conditioning observed following hippocampal damage, social isolation, injection of morphine, and so forth as for the anterograde deficits observed in that conditioning following hippocampal damage, adrenalectomy, and so forth. This explanation emphasizes the failure of a configural or conjunctive representational system to consolidate in memory a unified representation of the conditioning context. One reason for favoring a common interpretation of anterograde and retrograde deficits in fear conditioning has been that these deficits may be specific for the context where conditioning occurred. Nonetheless, there have been failures to detect anterograde deficits in context freezing following hippocampal damage, and when detected these deficits are frequently accompanied by deficits in freezing to noncontextual stimuli. The case for anterograde deficits emerging from a failure of consolidation of a configural or conjunctive representational system is considerably weaker than for retrograde deficits. A very similar pattern was reported in the present experiments. A history of morphine injections previously shown to produce a temporally bound and context-specific retrograde impairment in Pavlovian fear conditioning (McNally & Westbrook, 2003) also produced anterograde impairments in that conditioning. These impairments were characterized, initially at least, by deficits in contextual and CS conditioning. These deficits did not recover across a retention interval, were absent when tested immediately after conditioning, and were determined by the presence versus absence of the CS. Thus, taken together, these findings with prolonged exposure to morphine suggest that distinct mechanisms mediate the consequences of postconditioning versus preconditioning exposures to morphine: The former appear to involve disruption in consolidation of a contextual learning, whereas the latter appear to emerge from the increased susceptibility of contextual cues to overshadowing by the discrete CS.
